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ABSTRACT
Ambient light controls the development and physiology of plants. The Arabidopsis thaliana photoreceptor

phytochrome B (PHYB) regulates developmental light responses at both seedling and adult stages. To
identify genes that mediate control of development by light, we screened for suppressors of the long
hypocotyl phenotype caused by a phyB mutation. Genetic analyses show that the shy (short hypocotyl)
mutations we have isolated fall in several loci. Phenotypes of the mutants suggest that some of the genes
identified have functions in control of light responses. Other loci specifically affect cell elongation or
expansion.

PLANTS adjust their development in response to suggesting that higher plant phytochromes might also
ambient wind, temperature, water, and light. Such signal in this fashion. Pharmacological studies have sug-

adjustments allow plants to grow in a variety of sites and gested that phytochromes may act through branched
to adapt to seasonal changes in external conditions. signaling pathways involving G proteins, cyclic GMP,
Light is among the most relevant environmental signals and calcium (Shacklock et al. 1992; Neuhaus et al. 1993;
because plants use light for photosynthesis and because Bowler et al. 1994). More recently, it has been reported
light conditions reflect both the local growth environ- that phytochrome B migrates to the nucleus in the light,
ment and diurnal and seasonal time (Smith 1994). suggesting that phytochromes may signal in the nucleus
Plants sense the light environment using a battery of as well as in the cytoplasm (Sakamoto and Nagatani

photoreceptors that specifically control development. 1996).
These include red/far-red light photoreceptors called The genetics of plant light responses have been stud-
phytochromes, blue light photoreceptors called crypt- ied most extensively in Arabidopsis thaliana. Arabidopsis
ochromes, and unnamed photoreceptors that mediate has five genes that encode phytochrome apoproteins
phototropism and UV light responses (von Arnim and (Sharrock and Quail 1989; Clack et al. 1994), and
Deng 1996; Fankhauser and Chory 1997). mutations are known in three of these, PHYA (Dehesh

The phytochromes are the most extensively character- et al. 1993; Whitelam et al. 1993; Reed et al. 1994),
ized developmental photoreceptors in plants (Quail PHYB (Koornneef et al. 1980; Reed et al. 1993), and
1991; Furuya 1993). They are soluble dimeric proteins, PHYD (Aukerman et al. 1997). Analyses of the pheno-
and each z120-kD monomer has a covalently attached types of these mutants have shown that these three phy-
linear tetrapyrrole chromophore. Phytochromes are tochromes each mediate overlapping subsets of light
synthesized in the dark in a red light–absorbing form responses, but often do so under distinct light condi-
called Pr. Upon absorption of red light, they are con- tions. For example, phyA mutant seeds germinate poorly
verted to a far-red light absorbing form called Pfr. On in response to very low fluence light over a wide spec-
the basis of physiological, genetic, and biochemical stud- tral range (Botto et al. 1996; Shinomura et al. 1996),
ies, Pfr is thought to be the active form. Studies of seed whereas phyB mutant seeds germinate poorly in re-
germination have suggested that Pr may also have an sponse to red light (Reed et al. 1994; Shinomura et
activity that counteracts the activity of the Pfr form al. 1994, 1996). phyA mutants fail to inhibit hypocotyl
(Reed et al. 1994; Shinomura et al. 1994). elongation in response to far-red light (Nagatani et al.

Although the mechanisms of phytochrome signal 1993; Parks and Quail 1993; Whitelam et al. 1993),
transduction are uncertain, several models have been whereas phyB mutants fail to inhibit hypocotyl elonga-
proposed. A cyanobacterial phytochrome homolog sig- tion in response to red light (Koornneef et al. 1980).
nals by a phosphorelay mechanism (Yeh et al. 1997), Finally, phyA mutants flower later than wild-type plants

in response to night breaks or day length extensions
(Johnson et al. 1994; Reed et al. 1994), whereas phyB
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Bagnall et al. 1995; Koornneef et al. 1995). Effects of of cop/det/fus mutant phenotypes suggests that these
genes may play a more general role in regulating genephyA and phyD mutations on the inhibition of hypocotyl

elongation by red light can be seen in a phyB mutant expression in response to a variety of stimuli in addition
to light. For example, det1 seedlings express LHCB (en-background (Reed et al. 1994; Aukerman et al. 1997).

These results reveal that the multiplicity of phytochromes coding light harvesting chlorophyll a/b–binding pro-
tein) and other genes in roots (Chory and Peto 1990);serves in part to increase the versatility of the plant

in responding to different light environments. These and cop1, det1, and cop9 mutants overexpress genes that
are normally activated by pathogen infection, hypoxia,phenotypic analyses also suggest that the signaling path-

ways initiated by the different phytochromes may over- or developmental signals, as well as genes normally acti-
vated by light (Mayer et al. 1996). Finally, several otherlap. hy4 mutants deficient in the blue light photorecep-

tor cryptochrome 1 have some phenotypes in common mutants with subsets of the phenotypes described above
have been described, including det2, det3, cop2, cop3,with the phytochrome-deficient mutants (Koornneef

et al. 1980; Young et al. 1992; Ahmad and Cashmore cop4, and doc1 (Chory et al. 1991; Cabrera y Poch et
al. 1993; Hou et al. 1993; Li et al. 1994).1993), suggesting that blue light signaling pathways also

converge with phytochrome signaling pathways. Physio- Although many genes involved in light signaling have
been identified in these screens, it is likely that numer-logical analyses of photoreceptor mutants have also

suggested that blue and red light systems interact func- ous other relevant loci remain to be discovered. In other
systems, screens for suppressors and enhancers of muta-tionally (Casal and Boccalandro 1995; Ahmad and

Cashmore 1997). tions in a pathway have identified important new genes
(for example, Karim et al. 1996). These genetic method-Mutations that identify possible downstream compo-

nents of phytochrome signaling have been isolated in ologies have been used less frequently in plants (Koorn-

neef et al. 1982; Niyogi et al. 1993; Carol et al. 1995;long hypocotyl screens, in screens for early flowering
mutants, and in screens for seedlings with characteristics Cernac et al. 1997; Silverstone et al. 1997), but prom-

ise to become very useful for dissecting light responses.of light-grown plants in the dark. The fhy1 and fhy3
mutants have long hypocotyls in far-red light, suggesting A screen for suppressors of a hy2 phytochrome chromo-

phore–deficient mutation (Kim et al. 1996) and a screenthat they may have lesions in a PHYA-specific signaling
pathway (Whitelam et al. 1993; Barnes et al. 1996). hy5 for suppressors of a det1 mutation (Pepper and Chory

1997) have recently revealed more candidate light-sig-mutants have long hypocotyls under all light conditions,
suggesting that HY5 may act downstream of the conver- naling mutations. To identify other genes involved in

light signaling, we have conducted a screen for muta-gence of different photoreceptor pathways (Koornneef

et al. 1980). Consistent with this idea, HY5 encodes a tions that suppress the long hypocotyl phenotype caused
by a phyB mutation. In this report, we describe the resultsbasic leucine zipper transcription factor (Oyama et al.

1997). elf3 mutants have an elongated hypocotyl under of our initial screen. Following the precedent estab-
lished by Kim et al. (1996), we have called these newall light conditions, and they flower early (Zagotta et

al. 1996). The cr88, pef1, pef2, pef3, and red1 mutants mutations shy (for short hypocotyl and suppressor of
hy). We have characterized various phenotypes of thehave long hypocotyls in red light (cr88, pef2, pef3, and

red1) or in both red and far-red light (pef1; Ahmad and mutants, allowing us to identify those that affect light
signaling.Cashmore 1996; Lin and Cheng 1997; Wagner et al.

1997). These genes may encode positive regulators of
light signaling.

MATERIALS AND METHODS
Screens for mutants with short hypocotyls and leaf

development in the dark have yielded candidate nega- Mutagenesis and genetic methods: Mutant phyB-1 (pre-
viously called hy3-Bo64) is in the Landsberg erecta backgroundtive regulators. A series of cop, det, and fus mutants have
and has a stop codon in the PHYB coding sequence (Koorn-short hypocotyls, develop leaves, and express light-
neef et al. 1980; Reed et al. 1993; Quail et al. 1994). We

induced genes in the dark (reviewed in Wei and Deng incubated 5000 phyB-1 M1 seeds overnight in 0.3% ethyl meth-
1996; Fankhauser and Chory 1997). The biochemical ane sulfonate and then rinsed several times with water. We

collected M2 progeny in eight batches from z600 M1 plantsfunctions of the products of these genes remain unclear.
per batch. We screened z14,000 M2 seedlings on MS/su-However, the DET1, COP1, COP9, and FUS6 proteins
crose/agar plates (see below) under white light for short hypo-localize to the nucleus, suggesting that they may repress
cotyl variants. To detect revertants of the starting phyB-1 muta-

gene expression in the dark (Pepper et al. 1994; von tion and to follow the phyB-1 mutation in subsequent genetic
Arnim and Deng 1994; Chamovitz et al. 1996; Staub manipulations, we assayed for the presence (wild-type allele)

or absence (phyB-1 mutant allele) of an AlwNI restriction siteet al. 1996). Double-mutant plants that carry photo-
in a PHYB-specific PCR product amplified from chromosomalreceptor mutations and det/cop/fus mutations have
DNA of the plant being tested (Reed et al. 1993). Mutantsphenotypes consistent with the DET/COP/FUS gene
were judged to be independent if they came from different

products functioning downstream of photoreceptor batches or if they had clearly distinguishable phenotypes.
pathways (Chory 1992; Ang and Deng 1994; Miséra To separate the shy mutations from the starting phyB-1 muta-

tion, we crossed the phyB-1 shy strains to wild-type Landsberget al. 1994; Wei et al. 1994a,b). More detailed analysis
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erecta, allowed these F1 plants to self-fertilize, and identified
PHYB/PHYB shy/shy progeny in the F2 or F3 generation. For
shy mutations that confer an obvious phenotype (such as
dwarfism) in a wild-type background we identified PHYB/
PHYB shy/shy plants in the F2 generation. For mutations that
confer a phenotype similar to the wild-type phenotype in a
phyB-1 mutant background and that confer no dramatic
phenotype in the wild-type PHYB background, we identified
PHYB/phyB-1 heterozygous F2 plants from the outcross to wild
type that did not segregate tall (phyB-1/phyB-1 SHY/SHY or
phyB-1/phyB-1 SHY/shy) F3 progeny. The failure to segregate
tall F3 plants indicated that these F2 plants were homozygous
for the shy mutation (or that the shy mutation was linked
to the phyB-1 mutation, a possibility tested in the mapping
experiments described below). From the F3 progeny popula-
tions, we identified PHYB/PHYB individuals of genotype PHYB/
PHYB shy/shy. In these genetic manipulations, we distin-
guished the PHYB and phyB-1 alleles by the PCR-based assay
described above.

We mapped the shy mutations using PCR-based SSLP and
CAPS markers polymorphic between Landsberg and Colum-
bia ecotypic backgrounds (Konieczny and Ausubel 1993;
Bell and Ecker 1994). We crossed phyB-1/phyB-1 shy/shy
plants (Landsberg erecta background) with phyB-9/phyB-9
plants (Columbia background), and assayed DNA from indi-
vidual F2 progeny for Landsberg- or Columbia-specific poly-
morphisms. Both the phyB-1 and phyB-9 mutations create stop
codons in the PHYB-coding sequence (Reed et al. 1993). Since
suppressor mutations isolated in this screen should bypass the
requirement for PHYB, we expected the phyB-1 and phyB-9 Figure 1.—phyB-1 shy seedlings grown in white light. Seed-
alleles to behave equivalently in the mapping populations. In lings were grown for 8 days on MS/sucrose plates. Genotypes
cases where we suspected that a mutation was allelic to a shown are (A) phyB-1 (starting strain), (B) Landsberg erecta
previously known mutation, we performed complementation (wild-type parent), (C) phyB-1 shy2-2, (D) phyB-1 shy2-3, (E)
tests between the shy mutation and the previously described phyB-1 amp1-4, (F) phyB-1 shy-115, (G) phyB-1 pom1-15, (H)
mutation, and we looked for lack of segregation of F2 plants phyB-1 bot1-5, (I) phyB-1 shy3-1, ( J) phyB-1 shy4-1, (K)
with a wild-type phenotype, indicating that the two mutations phyB-1 shy5-1, and (L) phyB-1 shy6-1. shy4-1 and shy4-2 seedlings
mapped to the same location. In cases where we found allelism appeared similar to each other, and pom1-14 and pom1-15

seedlings appeared similar to each other. Therefore, only oneto a previous locus, we have given the new mutation an allele
mutant at each locus is shown.designation that incorporates the established gene name.

Phenotypic tests: Seeds were surface sterilized and plated on
Murashige and Skoog (MS)/agar plates [13 MS salts (GIBCO,
Grand Island, NY), 0.8% phytagar (GIBCO), 13 Gamborg’s all blue light experiments, we grew plants on plates placed
B5 vitamin mix (Sigma, St. Louis, MO)] with or without 2% horizontally and measured hypocotyl lengths against a ruler.
sucrose, stored overnight at 48, and moved to the appropriate For flowering time determinations, we grew seedlings on
light condition. For hypocotyl length tests in red light, we MS/sucrose/agar plates for 10–14 days and then transplanted
used LED red light sources emitting light with a peak at 670 them to soil (Pro-Mix BX; Hummert, St. Louis, MO). Experi-
nm and a half bandwidth of 25 nm (Quantum Devices, Inc., ments were performed in a Conviron growth chamber at 218.
Barneveld, WI). For far-red light, we used LED sources emit- Light was provided on a 9 h:15 h day:night cycle from 12
ting light with a peak at 730 nm and a half bandwidth of 25 fluorescent (F72T12/CW/VHO, 160 W) and six incandescent
nm (Quantum Devices). For blue light, we used cool white (60 W) bulbs, and had an intensity at plant height of 100–230
fluorescent bulbs filtered through Schott blue glass filter No. mmol · m22 · sec21, depending on the experiment. We re-
5-57 (Newport Industrial Glass, Costa Mesa, CA). For fluence peated the experiment six times, testing each genotype in
rate/response experiments, light was filtered through various between one and five different experiments (average 5 2.5).
thicknesses of bronze plexiglass No. 2412 (Golden Rule Plas-
tics, Haw River, NC). This filter causes minimal distortion of
the light spectrum (data not shown). Light levels were mea-

RESULTSsured with an LI-189 quantum radiometer (Li-Cor, Lincoln,
NE), or extrapolated based on numbers of layers of plexiglass. Isolation and genetic analysis of shy mutants: FromFor red and far-red fluence rate–response experiments, we

our screen, we isolated 13 independent shy (short hypo-grew seedlings on MS/agar plates (without sucrose) that were
cotyl, or suppressor of hy) variants with mutations at sitesplaced vertically behind various thicknesses of plexiglass, with

the light source placed so as to project horizontally. After 5 distinct from the starting phyB mutation (see materials

days, we took digital images of the plates with a CCD camera
and methods). As described below, we have named

and measured the hypocotyl lengths using image analysis soft- those that turned out to be alleles of previously known
ware (NIH Image, Bethesda, MD). For root length experi-

loci according to the established gene names. Figure 1ments, we grew seedlings in red light (30–50 mmol · m22

shows phyB-1 shy mutant seedlings grown for 8 days in· sec21) on vertical MS/sucrose/agar plates for 5 days and
measured roots against a ruler. In other experiments and for white light. They fall into several distinct phenotypic



1298 J. W. Reed, R. P. Elumalai and J. Chory

TABLE 1

Classes of shy mutations

Mutation Phenotype Dom./rec.a Allelismb

shy2-2 Leaves curl upward Semi-D shy2-1
shy2-3 Leaves curl upward Semi-D shy2-2

amp1-4 Extra leaf production r amp/pt

shy-115 Brassinosteroid-deficient dwarf r

shy-802 Brassinosteroid-deficient dwarf rc

pom1-14 Crooked hypocotyl in dark Semi-D pom1-7
pom1-15 Crooked hypocotyl in dark r pom1-14

bot1-5 Short, round tissues r botero1-1

shy3-1 Quantitative changes Semi-D
shy4-1 Quantitative changes r shy4-2
shy4-2 Quantitative changes r shy4-1
shy5-1 Quantitative changes r
shy6-1 Quantitative changes r

a Dominance, semidominance, or recessiveness for hypocotyl length in red light (Table 2).
b Indicated are mutations found to be allelic to shy mutations on the basis of complementation and mapping

data (see text). In addition, we have recently obtained DNA sequence evidence that the partially dominant
mutations shy2-1, shy2-2, and shy2-3 each have a mutation in the SHY2 gene (Q. Tian and J. W. Reed, unpublished
result).

c Although we did not analyze the dominance or recessiveness of shy-802 quantitatively (Table 2), observation
of F1 seed of a backcross indicated that the dwarf phenotype was substantially if not completely recessive (data
not shown).

classes, as summarized in Table 1 and described in more tion, we have recently obtained independent molecular
evidence that shy2-1, shy2-2, and shy2-3 are allelic (Q.detail below.

To assess the degree of dominance or recessiveness Tian and J. W. Reed, unpublished data). As we identi-
fied single mutations at the remaining seven loci de-of the shy mutations in the phyB-1 mutant background,

we measured hypocotyl lengths after growth in constant scribed here, the screen has not been saturated, and
there are probably several other loci that can be mutatedred light, as this parameter is sensitive and easy to score.

We compared hypocotyl lengths of phyB-1/phyB-1 SHY/ to give a shy phenotype.
We mapped the shy mutations by outcrossing themshy F1 plants with those of the phyB-1/phyB-1 SHY/SHY

and phyB-1/phyB-1 shy/shy parents. As shown in Table to a different ecotype and assaying polymorphic markers
or by establishing allelism with previously mapped muta-2, the amp1-4, shy-115, shy-802, pom1-15, bot1-5, shy4-1,

shy4-2, shy5-1, and shy6-1 heterozygous seedlings were tions (see materials and methods). Mapping results
are summarized in Table 4. We obtained linkage to athe same height as SHY/SHY seedlings, indicating that

these mutations are each recessive for hypocotyl length. polymorphic marker for all the loci except for the shy5-1
mutation, for which different mapping populationsIn contrast, the shy2-2, shy2-3, pom1-14, and shy3-1 heterozy-

gous seedlings were significantly shorter than the SHY/ failed to show consistent linkage (data not shown). The
13 mutations fall in three previously known genes, AMP,SHY seedlings and significantly taller than the corre-

sponding shy/shy seedlings, indicating that these muta- SHY2, and POM1 (Chaudhury et al. 1993; Hauser et
al. 1995; Kim et al. 1996); two probable DWF genes (mu-tions are each partially dominant.

To determine whether the short hypocotyl phenotype tated in shy-115 and shy-802, but not assigned by comple-
mentation—see below; Feldmann et al. 1989); and fiveof these mutants was caused by mutation at a single

locus, we checked the segregation of the short hypocotyl new genes, BOT1 (BOTERO1; H. Höfte, personal com-
munication), SHY3, SHY4, SHY5, and SHY6.phenotype in the F2 generation of these backcrosses.

For each mutant, the phenotype segregated in a manner To determine whether any of the shy mutations com-
pletely quench PHYB signaling, we tested whether theconsistent with a mutation at a single locus (Table 3).

We found three allelic pairs in our screen, at the shy mutations were epistatic to the phyB-1 mutation. We
compared the hypocotyl lengths of phyB-1 shy doubleSHY2, POM1, and SHY4 loci. As the shy2 mutations are

partially dominant, our assessment that they are alleles mutants with that of the phyB-1 single mutant and with
those of the corresponding shy single mutants. For eachof SHY2 (and of each other) is based on their conferring

similar phenotypes as shy2-1 does (Kim et al. 1996), as mutant, we identified PHYB shy plants among progeny
of an outcross to a wild-type Landsberg erecta plant (seewell as mapping to the same location (Table 4). In addi-
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TABLE 2

Hypocotyl lengths of phyB-1/phyB-1 shy/shy and phyB-1/phyB-1 SHY/shy seedlings in red lighta

shy/shy seedlings SHY/shy seedlings

shy mutation x s n t b P b x s n t c P c

shy2-2 2.5 0.4 20 13.9 ,0.001 4.1 0.3 20 17.1 ,0.001
shy2-3 4.2 1.0 20 10.12 ,0.001 7.4 0.8 16 6.50 ,0.001
amp1-4 4.4 1.1 20 10.4 ,0.001 9.7 2.2 20 0.51 .0.5
shy-115 4.0 1.0 20 9.89 ,0.001 8.9 1.3 7 1.71 ,0.1
pom1-14 2.2 0.4 40 12.0 ,0.001 7.5 2.7 22 6.07 ,0.001
pom1-15 2.6 0.7 20 16.47 ,0.001 10.1 1.7 10 0.40 .0.5
bot1-5 2.6 0.6 40 13.3 ,0.001 9.8 3.3 26 0.25 .0.5
shy3-1 6.5 1.0 20 3.98 ,0.001 8.2 1.6 22 4.80 ,0.001
shy4-1 5.8 1.7 20 5.28 ,0.001 9.3 2.3 19 1.48 ,0.2
shy4-2 7.2 1.4 19 3.77 ,0.001 10.7 3.4 10 1.40 ,0.2
shy5-1 6.8 1.7 40 2.46 ,0.025 9.6 6.9 40 0.47 .0.5
shy6-1 8.2 1.3 20 4.04 ,0.001 10.4 1.9 17 1.23 ,0.4

a Hypocotyl lengths in millimeters.
b t -test and P value from comparing the phyB-1/phyB-1 shy/shy and phyB-1/phyB-1 SHY/shy seedling hypocotyl

lengths. The low P values indicate that for all of the mutations, the hypocotyl length of the shy/shy homozygote
is significantly shorter than that of the SHY/shy heterozygote, and that therefore none of the shy mutations is
completely dominant.

c t -test and P value from comparing the phyB-1/phyB-1 SHY/SHY and phyB-1/phyB-1 SHY/shy seedling hypocotyl
lengths. For the phyB-1/phyB-1 SHY/SHY single mutant, the hypocotyl measurements were x 5 9.9, s 5 1.5,
and n 5 140. The results indicate that only shy3-1, pom1-14, shy2-2, and shy2-3 heterozygotes are significantly
shorter than the phyB-1/phyB-1 single mutant and, therefore, are not recessive.

materials and methods). Table 5 shows hypocotyl
lengths in red light of each of the PHYB shy and phyB-1 shy
seedlings. In most cases, the phyB-1 shy double mutant is TABLE 3
significantly taller than the PHYB shy single mutant, Segregation of shy mutant phenotypes among
indicating lack of epistasis (Table 5). For pom1-14, the F2 progeny of backcrosses
difference between PHYB and phyB-1 genotypes was
not significant, indicating that pom1-14 is epistatic to Tall Short
phyB-1 for this phenotype. shy mutation progenya progenya x2b P

Phenotypic analyses of shy mutant plants: To assess
shy2-2 34 89 0.46 .0.25

whether the shy mutations affect genes involved in PHYB shy2-3 52 163 0.08 .0.5
signal transduction or, more generally, in light signal- amp1-4 146 52 0.17 .0.5
ing, we checked several phenotypes. Because a number shy-115 133 48 0.22 .0.5

shy-802 50 16 0.02 .0.5of photomorphogenic mutations affect dark growth, we
pom1-14 47 22 1.74 .0.1examined the morphology of shy seedlings in the dark.
pom1-15 34 11 0.01 .0.5We also examined whether the shy mutations affect light-
bot1-5 365 104 2.00 .0.1dependent phenotypes. As described above, phyB mu-
shy3-1 45 100 2.82 .0.05

tants have long hypocotyls in red light, have short roots, shy4-1 78 23 0.27 .0.5
and flower early. We expected that mutations specifi- shy4-2 381 136 0.47 .0.25
cally limiting hypocotyl cell enlargement or elongation shy5-1 96 39 1.09 .0.25

shy6-1 104 35 0.01 .0.5would suppress only the long hypocotyl phenotype (and
perhaps other elongation phenotypes such as elongated a Tall and short F2 progeny were distinguished by eye in
root hairs or bolting stems), but not the flowering time populations grown in dim white light. For those mutations
or short root phenotypes. In contrast, mutations that with quantitative effects (shy3-1, shy4-1, shy4-2, shy5-1, and

shy6-1), we measured hypocotyl lengths of representative F2affect a general control function might suppress multi-
seedlings and found that the two visible groups (tall and short)ple phenotypes caused by the phyB-1 mutation. These
formed a frequency distribution with two peaks, with no seed-

phenotypic criteria have indeed allowed us to distin- lins of intermediate hypocotyl length.
guish mutations that affect elongation from those that b x2 values were calculated for the null hypothesis of 3 tall:1

short segregation, except for the semidominant or dominantaffect putative control functions. Within this broad clas-
mutations shy3-1, shy2-2, and shy2-3, for which the null hypothe-sification, many of the mutants have unique characteris-
sis was 1 tall:3 short.tics that define distinct roles in development (Table 1).
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TABLE 4

Mapping of shy loci

Recombinant
shy mutation Marker chromosomes Deduced map position

shy2-2 PVV4 15/320 Chr. 1, 5 cM below PVV4,
nga63 8/320 3 cM above nga63, close
shy2-1 0/102a to shy2-1

shy2-3 shy2-2 0/109a Chr. 1, close to shy2-2
amp1-4 pt b b Chr. 3, position 81
shy-115 GL1 19/92 Chr. 3, 21 cM from GL1
shy-802 BGL1 3/56 Chr. 3, 5 cM from BGL1
pom1-14 PVV4 4/60 Chr. 1, 8 cM below PVV4,

NCC1 5/60 8 cM above NCC1
pom1-15 PVV4 6/60

NCC1 5/60
bot1-5 ADH 18/300 Chr. 1, 6 cM below ADH
shy3-1 m323 6/76 Chr. 2, 8 cM below m323,

m429 56/840 5 cM below m429
shy4-2 nga8 14/58 Chr. 4, 24 cM below nga8,

GA1 8/58 14 cM above GA1
shy6-1 PVV4 11/60 Chr. 1, close to NCC1

NCC1 0/52

a For mapping semidominant shy2 alleles relative to each other, we crossed two shy2 mutants, crossed the
resulting F1 double heterozygote with wild type, and looked for phenotypically wild-type segregants among the
F1 progeny of the outcross to wild type. Also included in the shy2-2 3 shy2-3 data are 1065 F2 progeny, among
which we observed no wild-type plants. This is equivalent to observing √1065 5 33 chromosomes in this cross
of dominant mutations.

b pt is an allele of amp in the Landsberg erecta background. amp1-4 failed to complement pt, and no wild-
type plants were observed among several hundred F2 progeny. Chr., chromosome.

We describe the mutants briefly here to help clarify the each semidominant (Table 2). In these respects, these
mutants resemble the shy1 and shy2-1 mutants isolatedpresentation below.

The shy2-2 and shy2-3 mutants have leaves that curl as suppressors of a hy2 mutation (Kim et al. 1996) and
the axr3 mutants isolated as having auxin-resistant rootup at the edges. The shy2-2 and shy2-3 mutations were

TABLE 5

Hypocotyl lengths of phyB-1 shy and PHYB shy seedlings in red lighta

PHYB shy seedlings phyB-1 shy seedlings

shy mutation x s n x s n t b P b

shy2-2 2.0 0.2 40 2.6 0.2 8 7.58 ,0.001
shy2-3 2.1 0.5 30 4.8 1.8 23 7.68 ,0.001
amp1-4 2.4 0.7 8 4.6 0.9 14 5.68 ,0.001
shy-115 1.2 0.3 10 2.0 0.6 6 3.31 ,0.005
pom1-14 2.3 0.8 27 2.4 0.5 29 0.55 .0.5
pom1-15 2.5 0.7 27 3.2 0.7 26 3.57 ,0.001
bot1-5 1.7 0.5 37 2.5 0.8 37 4.88 ,0.001
shy3-1 2.5 0.5 18 4.7 1.0 21 8.25 ,0.001
shy4-1 2.4 0.7 15 5.6 1.4 15 7.65 ,0.001
shy4-2 1.8 0.6 18 4.2 1.2 17 7.33 ,0.001
shy5-1 3.1 1.3 16 5.1 1.3 9 3.54 ,0.005
shy6-1 2.1 0.9 11 3.7 1.1 16 3.84 ,0.001

a Hypocotyl lengths in millimeters. The red light level was 31–37 mmol · m22 · sec21. Data for bot1-5, pom1-
14, shy2-2, shy2-3, and pom1-15 were combined from two experiments. All phyB-1 shy seedlings were significantly
shorter than phyB-1 seedlings (data not shown).

b t -test and P values calculated for comparison of phyB-1 shy hypocotyl lengths with corresponding PHYB shy
hypocotyl lengths.
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growth (Leyser et al. 1996). The shy2-2 mutation con-
ferred more extreme phenotypes than the shy2-3 muta-
tion (see below), suggesting that it is the stronger allele.
As described below, these mutants may identify an im-
portant control function in light-regulated develop-
ment.

Mutations in the AMP (altered meristem program)
gene confer altered phyllotaxy and partially de-etiolated
growth in the dark (Chaudhury et al. 1993; Chin-

Atkins et al. 1996). Like the previously described amp
mutants, the amp1-4 mutant we isolated appears dwarfed
and has pale leaves and decreased apical dominance.
In the light, amp1-4 seedlings formed more leaves than
wild-type plants (Figure 1). In the dark, they showed
partial leaf development (see below).

The shy-115 and shy-802 mutants are brassinosteroid-
deficient dwarfs. These resemble the previously charac-
terized bri1, cbb, det2, dim, and dwf mutants in having
small dark green leaves (Feldmann et al. 1989; Chory

et al. 1991; Takahashi et al. 1995; Clouse et al. 1996;
Li et al. 1996; Szekeres et al. 1996). Such mutants have
been shown to have deficiencies in brassinosteroid syn-
thesis or response. Both shy-115 and shy-802 mutants

Figure 2.—Mean hypocotyl lengths of PHYB shy seedlings
responded to exogenous brassinolide, suggesting that after 6 days of dark growth. Seedlings were grown on MS

plates containing 2% sucrose, and hypocotyl lengths werethey are deficient in brassinosteroid synthesis (data not
normalized to the hypocotyl length of wild-type seedlings.shown). shy-115 plants were fully fertile, whereas shy-802
Data from three experiments were pooled. Error bars indi-plants were almost sterile and produced few seed. Both cate standard deviations. In the experiment in which shy2-3,

shy-115 and shy-802 complemented det2-1, and they also bot1-5, and shy4-2 data were gathered, the wild-type measure-
complemented each other. These equations therefore ment had a relative standard deviation of 2.5 times that shown.

In each case, the shy mutant hypocotyl lengths were statisticallyrepresent distinct loci. On the basis of their map posi-
significantly shorter than the wild-type hypocotyl lengthtions, shy-115 may be allelic with DWF1 (also called
(P , 0.05 for shy4-2, P , 0.001 for the rest).DIM), and shy-802 may be allelic with DWF4. Because

we obtained few shy-802 mutant seeds, it was difficult
to subject the shy-802 mutant to extensive phenotypic

tions at three loci, shy4, shy5, and shy6, are recessive,analyses. Moreover, light-related phenotypes of brassi-
and one mutation, shy3-1, is semidominant (Table 2).nosteroid-deficient mutants have been described exten-
As described below, shy3-1 and shy5-1 mutants havesively. Therefore, we omitted the shy-802 mutant from
quantitative phenotypes that suggest that they may affectmany of the experiments described below.
PHYB signaling.pompom1 (pom1) mutants were first isolated as hav-

Dark phenotypes: Mutations that activate light-re-ing abnormal root elongation (Hauser et al. 1995). The
sponse pathways constitutively might be expected topom1-14 and pom1-15 mutants have similarly deficient
cause phenotypes in the dark. In fact, a number of genesroot growth (see below). These mutants also have un-
thought to play important roles in photomorphogenesisusual hypocotyl morphology in the dark, and may be
were identified in screens for mutants that make leavesdeficient in some aspect of cell elongation (see below).
in the dark (see above). After 6 days in the dark, wild-The bot1-5 mutant has morphological characteristics
type seedlings had a long hypocotyl, an unopened apicalsuggestive of a general deficiency in cell enlargement.
hook, small unexpanded cotyledons, and no leaf pri-Cotyledons, leaves, and flower parts were all foreshort-
mordia (Figures 2 and 3). After 23 days, the apical hooksened, and the mutant produced very few seed (Figure
had opened, but the cotyledons were unexpanded and1; data not shown). By complementation analyses, we
very few seedlings had visible leaf primordia (Figure 4,determined that bot1-5 is allelic to the botero1-1 mutation
Table 6). We grew shy seedlings in the dark, and found(data not shown). This mutation confers similar pheno-
that after 6 days all of them had significantly shortertypes and maps to the same vicinity as bot1-5 (H. Höfte,

hypocotyls than the wild-type seedlings (Figure 2). Somepersonal communication).
of the shy mutants also had open cotyledons or leaf devel-Finally, in contrast to the other mutants, the shy3, shy4,
opment, morphological characteristics that are normallyshy5, and shy6 mutants have no unusual morphological
limited to light-grown plants (Table 6, Figure 4).characteristics; instead, they exhibit phenotypes within

the normal range of wild-type growth patterns. Muta- The shy2-2 and brassinosteroid-deficient shy-802 seed-
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Figure 3.—PHYB shy seedlings after 6 days of dark growth.
Seedlings were grown on MS/sucrose plates. Genotypes shown
are (A) Landsberg erecta, (B) shy2-2, (C) shy2-3, (D) amp1-4,
(E) shy-115, (F) pom1-15, (G) bot1-5, (H) shy3-1, (I) shy4-1, ( J)
shy5-1, and (K) shy6-1. shy4-1 and shy4-2 seedlings appeared
similar to each other, and pom1-14 and pom1-15 seedlings ap-
peared similar to each other. Therefore, only one mutant at
each locus is shown.

lings resembled light-grown seedlings most closely, in
that after 23 days they had structures resembling true
leaves. Petioles were very short, and trichomes were
visible (Figure 4). In this respect, these two mutants
resembled the de-etiolated mutants, det1, det2, and cop1,
described previously (Chory et al. 1989; Deng et al.
1991). Mutants carrying the weaker allele of SHY2,
shy2-3, usually had expanded cotyledons after 23 days,
but no visible leaf primordia (Figure 4, Table 6). The Figure 4.—PHYB shy seedlings after 23 days of dark growth.

Seedlings were grown on MS/sucrose plates.Genotypes shownweaker brassinosteroid-deficient mutant shy-115 ap-
are (A) Landsberg erecta, (B) shy2-2, (C) shy2-3, (D) amp1-4,peared similar to the wild type in the dark.
(E) shy-115, (F) shy-802, (G) pom1-15, (H) bot1-5, (I) shy3-1,

Several mutants had phenotypes that superficially re- ( J) shy4-1, (K) shy5-1, and (L) shy6-1. shy4-1 and shy4-2 seedlings
sembled a de-etiolated phenotype, but diverged from a appeared similar to each other, and pom1-14 and pom1-15

seedlings appeared similar to each other. Therefore, only onenormal light growth pattern. amp1-4 seedlings had the
mutant at each locus is shown.most extreme phenotype after six days, having an open

apical hook, expanded cotyledons, and appearance of
leaf primordia. However, after 23 days, the organs in the

open apical hook after 6 days. All had open apical hookspositions where leaves would normally arise resembled
after 23 days, but the cotyledons were unexpanded andelongated petioles or stems more than leaves, and yellow
few seedlings had leaves (Figure 4, Table 6). Each ofleaf blade material was absent or extremely abbreviated
the mutants had a slightly higher incidence of leaf pri-(Figure 4, Table 6). Similarly, the shy4-1, pom1-14, pom1-
mordium formation than the wild type (Table 6). We15, and bot1-5 mutants frequently developed branches
do not know the reason for this quantitative difference,resembling petioles (Figure 4, Table 6). This curious
but it may conceivably be an indirect consequence ofphenotype may represent a partial commitment to leaf
having shorter hypocotyls.development in these mutants. Alternatively, enhanced

Hypocotyl elongation responses to red, blue, and far-petiole or stem development may arise in conditions
red light: If a SHY protein activity is normally modulatedwhere the hypocotyl would otherwise elongate but is
by a light-signaling pathway, then mutation of the geneprevented from doing so by some physiological limita-
encoding that protein might cause the pathway to betion caused by a shy mutation.
more constitutive and less regulatable. In such a case,As well as making numerous petiole-like structures,
PHYB shy mutant seedlings would have a decreased re-the pom1-14 and pom1-15 mutants had a unique dark
sponse to light because of their “partially responding”hypocotyl morphology. The hypocotyls were quite
baseline state, and they should be less sensitive to addi-crooked (Figures 3 and 4), and upon closer inspection,
tional red light than wild-type seedlings. To examinethey appeared somewhat disorganized, with a rough
this possibility, we tested the fluence rate–response be-surface (data not shown).
havior of the PHYB shy plants for hypocotyl elongation inThe remaining mutants (shy3-1, shy4-2, shy5-1, and
constant red light. Figure 5, A and B, show the hypocotylshy6-1) had short hypocotyls, but otherwise looked simi-

lar to wild-type in the dark. shy3-1 seedlings had a slightly lengths of 6-day-old shy mutant seedlings grown under
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TABLE 6 length in these experiments, and that the mutations
may thus affect red light signaling or response pathways.Leaf formation by shy mutants after 23 days in the dark

To test whether the shy mutations may affect response
pathways downstream of other photoreceptors, we alsoTwo or Fraction with

shy genotype Zero leavesa more leavesa leavesa performed fluence rate response experiments in blue
and far-red light. We found that all the mutants re-SHY 68 9 0.12
sponded to both types of light with the same thresholdshy2-2 3 58c 0.95
and saturation characteristics as the wild type (Figureshy2-3 39 19 0.33
5, C and D; data not shown). In particular, the shy2-2amp1-4 0 55b 1.00

shy-115 16 13 0.45 and pom1-15 mutants had normal responses to both
shy-802 0 22c 1.00 blue light (Figure 5C) and far-red light (Figure 5D).
pom1-14 0 44b 1.00 Therefore, the mutations have not affected a blue or
pom1-15 0 25b 1.00 far-red light signaling pathway.
bot1-5 0 25b 1.00

Root elongation: Rather than repressing cell expan-shy3-1 18 9 0.33
sion in all seedling tissues, PHYB causes a redistributionshy4-1 2 17b 0.89
of growth away from the hypocotyl and toward the rootsshy4-2 18 0 0

shy5-1 28 8 0.22 and cotyledons. Thus, light-grown phyB mutant seed-
shy6-1 17 5 0.23 lings have a longer hypocotyl but a shorter root and

smaller cotyledons than wild-type seedlings (Reed et al.a Number of seedlings with leaves or other lateral organs.
1993; Neff and Van Volkenburgh 1994). To deter-Branches, leaves, petioles, and undifferentiated primordia

arising from the apex were all counted. mine whether the shy mutations affect elongation in
b Leaves resembled elongated stems or petioles with small multiple tissues, we measured the root lengths of phyB-1 shy

or absent leaf blades (Figure 4). seedlings grown in red light. This assay was particularlyc Leaves resembled true leaves (Figure 4).
useful for distinguishing between mutants affected in
regulatory functions, which should have roots longer
than the phyB-1 seedlings, and mutants affected specifi-

different fluence rates, normalized in each case to the
cally in elongation functions, which would be expected

hypocotyl length of the same strain in the dark. Most to have shorter roots than phyB-1 seedlings. Mutants
of the shy mutants responded to the same range of with roots the same length as phyB-1 seedlings could
fluence rates as the wild type did, having hypocotyl belong to either group. As shown in Figure 6, wild-type
lengths of z30% of their hypocotyl lengths in the dark (PHYB SHY), amp1-4, shy2-2, and shy5-1 seedlings had
at the highest fluence rate tested (Figure 5, A and B). significantly longer roots than phyB-1 seedlings, sug-
As expected, the phyB-1 mutant was less sensitive to red gesting that these mutations may affect the redistribu-
light, showing a minimum hypocotyl length of z80% tion of growth controlled by light. shy2-3, shy-802, pom1-
of its dark hypocotyl length. 14, pom1-15, bot1-5, shy4-2, and shy6-1 seedlings had

The shy2-2, pom1-14, and pom1-15 mutants showed significantly shorter roots than SHY seedlings, sug-
altered hypocotyl responses to red light. shy2-2 had a gesting that these mutations affect functions specific to
decreased response at the highest fluence rate tested cell elongation. The remaining mutants (shy-115, shy3-
(40–45 mmol · m22 · sec21), with a minimum hypocotyl 1, and shy4-1) had roots of similar length as the phyB
length of z60% of its dark hypocotyl length (Figure parent strain.
5A). In contrast, the pom1-14 and pom1-15 mutants had Flowering time: In addition to having elongation phe-
longer hypocotyls at very low fluence rates (,0.1 mmol · notypes, phyB mutants flower early (Goto et al. 1991;
m22 · sec21) than in the dark (Figure 5A). They thus

Reed et al. 1993; Bagnall et al. 1995). Plants that overex-
showed the opposite response from the wild type in this press PHYB also flower early (Bagnall et al. 1995).
fluence range. At higher fluence rates (.1 mmol · m22

We assessed flowering times in short days, under which
· sec21), they had a normal response to red light, reach- conditions the difference in flowering time between
ing a minimum hypocotyl length of z70% of their dark wild-type and phyB plants is greatest. We measured both
hypocotyl length (Figure 5A). Because the shy2-2, pom1- the time the plants took to flower (DF, days to flowering)
14, and pom1-15 mutants are each extremely short in and the number of leaves at the time of flowering (LN,
the dark (Figures 2 and 3, data not shown), these obser- leaf number) in both PHYB and phyB-1 backgrounds.
vations may reflect an inherent limitation in the degree The results differed slightly from experiment to experi-
to which red light can inhibit hypocotyl elongation. ment, possibly because light conditions in our growth
However, the bot1-5 mutant, responded proportionately chamber varied (see materials and methods). There-
similarly to the wild type despite having a very short fore, we consider as meaningful only results where we
hypocotyl in the dark (Figures 2 and 5B). This observa- observed a statistically significant difference between
tion suggests that the shy2-2, pom1-14, and pom1-15 mu- SHY and shy plants in the majority of experiments. We

present data for a subset of the mutants in Figure 7 andtants do not reach a minimum attainable hypocotyl
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Figure 5.—Hypocotyl length response of shy seedlings to different fluence rates of red, blue, or far-red light. For each curve,
data are normalized to the hypocotyl length of the same genotype in the dark. (A and B) Response to red light. Curves are split
into two graphs for clarity, and data for wild type and phyB-1 are shown in both graphs. Each data point is the mean hypocotyl
length of 20–40 seedlings, and standard deviations were generally 10–20% of the mean. Repetitions of this experiment gave
similar results (data not shown). (C and D) Response to blue light (C) and far-red light (D). Shown are shy2-2, shy2-3, pom1-15,
shy3-1, and shy5-1 mutants. amp1-4, shy-115, bot1-5, shy4-1, shy4-2, and shy6-1 mutants all responded similarly to wild type in both
blue and far-red light (data not shown).

summarize our consensus results from six experiments the PHYB background, shy5-1 also caused more leaves
to form before flowering, whereas in the phyB-1 back-in Table 7. Four of the mutations affected flowering

time significantly. ground, the leaf number was normal. These data suggest
that the SHY5 gene product may normally antagonizeOne shy mutation, shy5-1, delayed flowering in both

PHYB and phyB-1 backgrounds (Figure 7, Table 7). In the activity of PHYB.
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number was significantly greater than for the corre-
sponding SHY plants, and in other experiments, the
leaf number was significantly smaller (data not shown).
This observation suggests that the accelerated flowering
of amp1-4 plants may be a secondary consequence of its
rapid leaf production.

The remaining shy mutations (shy2-3, shy-115, pom1-
14, pom1-15, bot1-5, shy4-1, shy4-2, and shy6-1) had no
effect on the number of days to flowering in either
PHYB or phyB-1 backgrounds (Table 7). Three of these,
shy2-3, bot1-5, and shy6-1, affected leaf number in one
genetic background (Table 7). (The shy2-3 mutation
caused extra leaf formation in the phyB-1 background,
the bot1-5 mutation caused flowering with fewer leaves in
the PHYB background, and the shy6-1 mutation caused
extra leaf formation in the PHYB background.)

DISCUSSION

The phyB-1 mutation creates a stop codon and is prob-
ably a null allele (Reed et al. 1993). Therefore, the
suppressor mutations described here most likely bypass
the requirement for PHYB for inhibiting hypocotyl elon-
gation. The shy mutations may identify downstream me-
diators of PHYB signaling, regulators of other environ-
mental response pathways, or biochemical or metabolic
functions needed for hypocotyl elongation. The occur-

Figure 6.—Root lengths of phyB-1 shy seedlings in red light.
rence of single mutations at several of the loci indicatesshy seedling root lengths were normalized to the root length of
that we have not saturated the screen. Additional knownphyB-1 seedlings. Data from four experiments were combined.

Error bars indicate standard deviations of measurements. Nor- loci that can mutate to give a short hypocotyl phenotype
malized root lengths were tested for significant difference include the AXR genes and the DET/COP/FUS genes
from phyB-1 root length by t-test. All genotypes except phyB-1 (Fankhauser and Chory 1997).
shy-115, phyB-1 shy3-1, and phyB-1 shy4-1 showed a difference

Based on the mutant phenotypes, the best candidatesfrom phyB-1 root lengths at 95% confidence or more. P values
for genes that regulate light responses are SHY2, SHY3,from t-tests for comparison with phyB-1 root lengths were wild

type, P , 0.001; phyB-1 shy2-2, P , 0.001; phyB-1 shy2-3, P , and SHY5. The recessive shy5-1 mutation suppresses all
0.05; phyB-1 amp1-4, P , 0.001; phyB-1 shy-115, P , 0.5; phyB-1 of the phyB-1 phenotypes we tested. phyB-1 shy5-1 plants
shy-802, P , 0.001; phyB-1 pom1-14, P , 0.025; phyB-1 pom1- have a shorter hypocotyl than the starting phyB-1 mu-
15, P , 0.001; phyB-1 bot1-5, P , 0.001; phyB-1 shy3-1, P 5 1;

tant, they have a longer root, and they flower late. ForphyB-1 shy4-1, P , 0.1; phyB-1 shy4-2, P , 0.001; phyB-1 shy5-1,
each phenotype, the suppression is partial in that theP , 0.001; and phyB-1 shy6-1, P , 0.001.
phyB-1 shy5-1 plants still differ from wild-type plants.
This may indicate that the mutation is a partial loss-of-
function allele or that the mutated function is encodedThe shy2-2 and shy3-1 mutations caused early flow-

ering in the PHYB background, but had no effect on by more than one gene. Taken together, the results
suggest that the SHY5 gene may encode a function thatflowering time in the phyB-1 background. Both PHYB

shy2-2 and PHYB shy3-1 mutant plants also flowered with opposes the activity of PHYB, acting either downstream
of PHYB in a light regulatory pathway or in a separatefewer leaves than wild-type plants. Although they flow-

ered at the normal time, phyB-1 shy3-1 plants had extra branch of the control network.
The shy2 mutants have several striking phenotypesleaves. The early flowering of shy2-2 and shy3-1 mutants

in the PHYB background suggests that SHY2 and SHY3 that suggest that SHY2 may be an important mediator
of red light responses. shy2-2 plants make leaves in thehave significant regulatory functions.

As mentioned above, amp1-4 plants made leaves more dark, respond only slightly to red light for control of
hypocotyl elongation, have an elongated root in thequickly than AMP plants. This accelerated leaf produc-

tion was accompanied by an acceleration of flowering phyB-1 background, and flower early in the PHYB back-
ground. The weaker shy2-3 mutation caused less pro-in both PHYB and phyB-1 backgrounds. However, the

effect of the amp1-4 mutation on the number of leaves found effects on development than shy2-2, e.g., ex-
panded cotyledons without obvious leaf formation inmade before flowering correlated poorly with its effect

on flowering time. Thus, in some experiments, the leaf the dark. Like the shy2-2 and shy2-3 mutations described
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here, the previously described shy2-1 mutation is semi-
dominant, causes cotyledon expansion in the dark, and
causes upcurled leaves in the light (Kim et al. 1996).
The semidominance of all three shy2 alleles is consistent
with the mutations being hypomorphic, hypermorphic,
or neomorphic. The frequency with which we have ob-
tained shy2 alleles might indicate that the mutations are
hypomorphic (decreased function), in which case SHY2
may normally repress phytochrome-mediated develop-
ment in the dark. If the mutations are hypermorphic,
SHY2 may normally activate de-etiolation in response
to light. If the mutations are neomorphic, they may
reveal otherwise cryptic effects of some other regulatory
pathway on seedling development.

Like shy2 mutants, mutants of the det/cop/fus class
make leaves in the dark. However, the morphological
phenotypes of shy2 mutants are quite distinct from the
phenotypes of mutants of the det/cop/fus class, such as
det1-1. For example, det1-1 mutant seedlings do not have
curled leaves characteristic of shy2 seedlings, and shy2
mutant seedlings do not overproduce anthocyanin as
det1 seedlings do. Thus, SHY2 probably regulates devel-
opment in a manner different from the DET/COP/
FUS gene products.

The last of the mutations with a substantial effect
on both flowering and hypocotyl elongation is shy3-1.
Interestingly, shy3-1 partially suppressed the flowering
phenotype caused by a phyB-1 mutation, but in a PHYB
background, it caused early flowering, as phyB-1 does.
Thus, PHYB shy3-1 plants flowered with reduced leaf
number compared to wild-type plants, whereas phyB-1
shy3-1 plants flowered with increased leaf number com-
pared to phyB-1 plants. This dampening of the effect of
PHYB on leaf number may indicate that SHY3 interacts
with PHYB to control flowering (but see below). The
semidominance of the shy3-1 mutation for hypocotyl
length phenotypes is consistent with either a gain-of-
function or loss-of-function type of allele, so the normal
role of SHY3 in development could be either to transmit
the PHYB signal or to antagonize it.

At first blush, the early flowering conferred by the
shy2-2 and shy3-1 mutations would seem counter to the
expectation (fulfilled by shy5-1) that a regulatory sup-
pressor mutation should affect any phenotypes in the
opposite sense as the starting phyB-1 mutation. However,
interpretation of the flowering phenotypes is compli-
cated by the finding that when overexpressed, PHYB
causes early flowering (Bagnall et al. 1995). This sug-
gests either that overactivation of PHYB response path-

Figure 7.—Flowering of selected PHY shy and phyB-1 shy
ways causes early (rather than late) flowering or thatplants in short days. (A) days to flower; (B) leaf number at
overexpressed PHYB can co-opt another pathway thattime of flowering. Error bars indicate standard deviations.

Shown are data for selected genotypes from three separate
experiments. To facilitate comparison between different ex-
periments, data have been normalized to the wild-type flow- and the leaf numbers, (B) for PHYB shy2-2, phyB-1 shy2-2,
ering time and LN in each case. In the experiments shown, PHYB amp1-4, phyB-1 amp1-4, PHYB shy3-1, phyB-1 shy3-1, and
the flowering times (A) for PHYB shy2-2, PHYB amp1-4, PHYB PHYB shy5-1 were significantly different from the correspond-
shy3-1, PHYB shy5-1, and phyB-1 shy5-1 were significantly differ- ing SHY plants (P , 0.05 or less). Flowering data from several
ent from the corresponding SHY plants (P , 0.05 or less);- experiments are summarized in Table 7.
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TABLE 7

Summary of developmental phenotypes of shy mutantsa

Floweringc

PHYB background phyB-1 background

shy genotype Dark development RL response Root length DF LN DF LN

SHY Long hyp., small cotyledons 1 Medium Normal Normal Normal Normal
shy2-2 Leaves 1/2 Long Early Low Normal Normal
shy2-3 Expanded cotyledons 1 Short Normal Normal Normal High
amp1-4 Stem-like organs 1 Long Early Low Normal High
shy-115 Normal 1 Normal Normal Normal Normal Normal
shy-802 Leaves Short
pom1-14 Twisted hyp.; stem-like organs 1/2b Short Normal Normal Normal Normal
pom1-15 Twised hyp.; stem-like organs 1/2b Short Normal Normal Normal Normal
bot1-5 Stem-like organs 1 Short Normal Low Normal Normal
shy3-1 Normal 1 Normal Early Low Normal High
shy4-1 Stem-like organs 1 Normal Normal Normal Normal Normal
shy4-2 Normal 1 Short Normal Normal Normal Normal
shy5-1 Normal 1 Long Late High Late Normal
shy6-1 Normal 1 Short Normal High Normal Normal

a Phenotypes of shy mutants are described relative to the corresponding SHY strain.
b pom1-14 and pom1-15 seedlings have an altered response to low fluence rates (Figure 5).
c Shown are the consensus results for days to flower (DF) and leaf number (LN) at time of flowering. In each column, the

phenotype of the SHY plants is taken as normal. Thus, although phyB-1 SHY plants flower earlier than PHYB SHY plants, both
are considered ‘‘normal’’ for the purpose of comparing their phenotypes to those of the corresponding shy plants. hyp., hypocotyl.

normally promotes flowering. For example, phyto- rather than leaves, and the altered phyllotaxy of amp
mutants cannot be mimicked by altering light condi-chrome A normally inhibits elongation and also pro-

motes flowering (Nagatani et al. 1993; Parks and Quail tions. These observations suggest that the connection
of AMP to photomorphogenesis may be indirect. Brassi-1993; Whitelam et al. 1993; Johnson et al. 1994; Reed

et al. 1994). In either case, a shy mutation might cause nosteroids have been implicated in repressing seedling
de-etiolation because mutants isolated as having par-early flowering by acting similarly to overexpressed

PHYB. Another possible explanation for why these shy tially de-etiolated phenotypes in the dark have turned
out to be brassinosteroid auxotrophs (Li et al. 1996;mutations cause early flowering could be that they affect

flowering time indirectly through effects on elongation. Szekeres et al. 1996). Like shy-802, mutants such as
det2-1 make leaves in the dark, although the plastids dophyB-1 plants make leaves at a slower rate than wild-type

plants, perhaps as a result of extra elongation growth not differentiateas they do in other de-etiolated mutants
such as det1 (Chory et al. 1991). It remains to be deter-at the expense of new organ formation (Koornneef et

al. 1995; data not shown). If flowering depends in part mined whether these observations reflect direct regula-
tion of brassinosteroid physiology by light. Other work-on formation of a threshold number of leaves, then the

slower rate of leaf formation in phyB-1 plants may actu- ers have reported evidence suggesting that auxin and
light signaling are connected. For example, Nicotianaally delay flowering and partially compensate for the

propensity of such plants to flower with fewer leaves. In plumbaginifolia phytochrome mutants have been found
to have increased auxin levels (Kraepiel et al. 1995),that case, a mutation that suppressed the elongation

phenotypes of a phyB-1 mutant would cause earlier and some auxin-resistant mutants are short and have
partially de-etiolated phenotypes in the dark (Lincolnetflowering, as the shy2-2 and shy3-1 mutations do.

Our finding of an allele of AMP (amp1-4) and pre- al. 1990; Timpte et al. 1992; Leyser et al. 1996; Cernac

et al. 1997; A. Sonawala and J. W. Reed, unpublishedsumed brassinosteroid auxotrophs (shy-115 and shy-802)
in this screen underscores the probable relevance of observations). In this regard, it is interesting that shy2

mutants share some phenotypes, such as curled leaves,plant hormone signaling pathways to seedling de-etiola-
tion. The amp mutant overproduces cytokinin (Chaud- with axr3 mutants (Leyser et al. 1996).

The remaining shy mutations suppress only the longhury et al. 1993; Chin-Atkins et al. 1996), and applica-
tions of cytokinin to dark-grown seedlings can induce hypocotyl phenotype of the starting phyB-1 mutant, but

do not suppress the root elongation or flowering timeaspects of a de-etiolated phenotype (Chory et al. 1994;
Chin-Atkins et al. 1996). However, dark-grown amp mu- phenotypes. The pom1-14, pom1-15, bot1-5, shy4-2, and

shy6-1 mutations actually cause the root to be shortertant seedlings make organs resembling stems or petioles
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thaliana define lesions early in the phytochrome signaling path-than that of phyB-1 plants. This observation suggests that
way. Plant J. 10: 1103–1110.

either these mutations primarily affect a cell elongation
Ahmad, M., and A. R. Cashmore, 1997 The blue-light receptor

or enlargement function, or they affect cell division cryptochrome 1 shows functional dependence on phytochrome
A or phytochrome B in Arabidopsis thaliana. Plant J. 11: 421–427.rates in the root. The morphological variety among

Ang, L.-H., and X.-W. Deng, 1994 Regulatory hierarchy of photo-these mutants suggests that the different mutations may morphogenic loci: genetic evidence for direct interaction be-
affect distinct aspects of growth. Those with quantitative tween COP1 and HY 5 in controlling Arabidopsis seedling devel-

opment. Plant Cell 6: 613–628.effects but having otherwise normal shape (e.g., shy4-2 or
Aukerman, M. J., M. Hirschfeld, L. Wester, M. Weaver, T. Clackshy6-1) may affect a control function. Those conferring et al., 1997 A deletion in the PHYD gene of the Arabidopsis

aberrant morphology (e.g., pom1-14 or bot1-5) may affect Wassilewskija ecotype defines a role for phytochrome D in red/
far-red light sensing. Plant Cell 9: 1317–1326.part of the cellular machinery that elongates cells, syn-

Bagnall, D. J., R. W. King, G. C. Whitelam, M. T. Boylan, D.thesizes cell walls, or determines cell polarity.
Wagner et al., 1995 Flowering responses to altered expression

The twisted hypocotyls of dark-grown pom1 mutants of phytochrome in mutants and transgenic lines of Arabidopsis
thaliana (L.) Heynh. Plant Physiol. 108: 1495–1503.resemble those of dark-grown procuste1 mutants (Desnos

Barnes, S. A., R. B. Quaggio, G. C. Whitelam and N.-H. Chua, 1996et al. 1996), suggesting that POM1 and PROCUSTE1 have fhy1 defines a branch point in phytochrome A signal transduction
related functions. Apparently, these genes are required pathways for gene expression. Plant J. 10: 1155–1161.

Bell, C., and J. Ecker, 1994 Assignment of 30 microsatellite locifor proper hypocotyl elongation in the dark. Whereas
to the linkage map of Arabidopsis. Genomics 19: 137–144.the procuste1 mutants show a biphasic hypocotyl elonga-

Botto, J. F., R. A. Sánchez, G. C. Whitelam and J. J. Casal, 1996
tion curve in blue light, however, our pom1 mutants have Phytochrome A mediates the promotion of seed germination by

very low fluences of light and canopy shade light in Arabidopsis.anormal blue light response but an aberrant response in
Plant Physiol. 110: 439–444.red light. POM1 is also required for elongation and

Bowler, C., H. Yamagata, G. Neuhaus and N.-H. Chua, 1994 Phy-
control of cortical cell enlargement in roots (Hauser tochrome signal transduction pathways are regulated by recipro-

cal control mechanisms. Genes Dev. 8: 2188–2202.et al. 1995) and for proper epidermal cell differentiation
Cabrera y Poch, H. L., C. A. Peto and J. Chory, 1993 A mutation(Schneider et al. 1997). POM1 therefore plays a role in

in the Arabidopsis DET3 gene uncouples photoregulated leaf de-
growth and/or shape determination of cells of various velopment from gene expression and chloroplast biogenesis.
organs. Plant J. 4: 671–682.

Carol, P., J. Peng and N. P. Harberd, 1995 Isolation and prelimi-None of the putative regulatory mutations we have
nary characterization of gas1-1, a mutation causing partial sup-identified (shy2-2, shy2-3, shy3-1, or shy5-1) is epistatic to pressionof the phenotype conferred by the gibberellin-insensitive

the phyB-1 mutation for the hypocotyl length phenotype. (gai) mutation in Arabidopsis thaliana (L.) Heynh. Planta 197:
414–417.This indicates that these mutations either cause incom-

Casal, J. J., and H. Boccalandro, 1995 Co-action between phyto-plete defects in the corresponding genes or affect re- chrome B and HY4 in Arabidopsis thaliana. Planta 197: 213–218.
dundant functions. The results reinforce our view of Cernac, A., C. Lincoln, D. Lammer and M. Estelle, 1997 The

SAR1 gene of Arabidopsis acts downstream of the AXR1 auxinlight signal transduction as a network of interacting
response. Development 124: 1583–1591.components rather than as a collection of linear path-

Chamovitz, D. A., N. Wei, M. T. Osterlund, A. G. von Arnim, J. M.

ways (Reed and Chory 1994). As well, light signaling Staub et al., 1996 The COP9 complex, a novel multisubunit
nuclear regulator involved in light control of a plant develop-is surely intimately coupled to more general develop-
mental switch. Cell 86: 115–121.mental control mechanisms. Further analysis of the shy

Chaudhury, A. M., S. Letham, S. Craig and E. S. Dennis, 1993
mutants reported here may contribute to unraveling amp1 - a mutant with high cytokinin levels and altered embryonic

pattern, faster vegetative growth, constitutive photomorphogene-the complex regulatory pathways that mediate control
sis and precocious flowering. Plant J. 4: 907–916.of plant development by a variety of environmental fac-

Chin-Atkins, A. N., S. Craig, C. H. Hocart, E. S. Dennis and
tors.

A. M. Chaudhury, 1996 Increased endogenous cytokinin in
the Arabidopsis amp1 mutant corresponds with de-etiolation re-We thank P. Nagpal and A. Pepper for helpful discussions; A.

sponses. Planta 198: 549–556.
Chin-Atkins, M.-T. Hauser, H. Höfte, H.-G. Nam, and T. Wada

Chory, J., 1992 A genetic model for light-regulated seedling devel-
for sending seeds; S. Whitfield for help with color figures; and an opment in Arabidopsis. Development 115: 337–354.
anonymous reviewer for a careful reading of the manuscript. This

Chory, J., C. Peto, R. Feinbaum, L. Pratt and F. Ausubel, 1989
work was supported by National Institutes of Health (NIH) grant R29- Arabidopsis thaliana mutant that develops as a light-grown plant
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8776–8780.Research Foundation (Baltimore, MD) to J.W.R. J.C. is currently sup-
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